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n  Refractive index
n0  Reference refractive index
OA,B  Origins camera coordinate systems
P  Point in the observation area
q(s)  Filter function
R  Specific gas constant
T  Gas temperature
s, t  Secondary axes
X, Y, Z  Coordinates in object space
x, y, z  Coordinates in image space
PA, PB  Projections of P in images A and B
ZA  Distance lens—schlieren
ZD  Distance schlieren—background
zi  Distance lens—image plane
γ  Adiabatic index
∆I  Local variation in image intensity
∆s  Local image displacement
∆y  Image displacement in y direction
εy  Light deflection in y direction
ε(s, Θ)  Light deflection in radial coordinates
λ  Wavelength of light
γ  Adiabatic index
ρ  Density
ρ∞  Reference density
ρ*  Normalized density ρ/ρ∞
Θ  Radial coordinate
ωz  z component of rotation
1 Introduction
1.1  BOS technique and its relatives
The BOS technique is similar to the human observa-
tion of heat haze, mirage or fata morgana, where local 
Abstract This article gives an overview of the back-
ground-oriented schlieren (BOS) technique, typical appli-
cations and literature in the field. BOS is an optical den-
sity visualization technique, belonging to the same family 
as schlieren photography, shadowgraphy or interferometry. 
In contrast to these older techniques, BOS uses correlation 
techniques on a background dot pattern to quantitatively 
characterize compressible and thermal flows with good 
spatial and temporal resolution. The main advantages of 
this technique, the experimental simplicity and the robust-
ness of correlation-based digital analysis, mean that it is 
widely used, and variant versions are reviewed in the arti-
cle. The advantages of each variant are reviewed, and fur-
ther literature is provided for the reader.
List of symbols
A, B  Cameras
Cs  Speed of sound
dA  Lens aperture diameter
dd  Diffraction limit image diameter
di  Geometric blur image diameter
dΣ  Overall blur image diameter
F  3 × 3 Fundamental matrix
f  Lens focal length
G  Gladstone–Dale constant
I  Image intensity
M  Background image magnification
M′  Density gradient magnification
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density gradients between the human observer and a dis-
tant object distort or even mirror the perceived image 
(Fig. 1a). A second effect, the shadow effect (Fig. 1b), 
is visible to the unaided eye, but became more relevant 
with the advent of optical instrumentation. This effect is 
generated by a density variation between the light source 
and a surface of homogeneous brightness and color. The 
light intensity variations ∆I at each location of the sur-
face are proportional to the second derivative of the air 
density between the light source and the surface. An 
image of these inhomogeneous light intensities is called 
a shadowgraph.
The observation of density gradients in fluid dynamics 
became important when aerodynamics became transonic. 
A major driver for improvement and application was the 
photography of bullets and their flow fields in the work of 
Ernst Mach at the end of the nineteenth century. The tech-
nique most commonly used for fluid density visualization 
is Toepler’s schlieren photography (Fig. 1c). Its optical 
setup typically consists of spherical mirrors or lenses and a 
half aperture, e.g., in form of a knife edge. It captures light 
intensity variations ∆I proportional to the first derivative of 
the fluid density.
The closest relative of the BOS methods is laser speckle 
interferometry (Fig. 1d). The illumination of a screen 
through the density gradient under investigation is made 
with laser light that generates a speckled interference pat-
tern. The displacement of this pattern ∆s, which has been 
evaluated optically and/or digitally, is proportional to the 
first derivative of density.
The background-oriented schlieren method is also based 
on the analysis of image displacements. However, the 
structures are a feature of the background that can be illu-
minated with incoherent light and imaged through a fluid 
containing spatial density gradients (Fig. 2). Since digital 
evaluation and white-light illumination (at least for sur-
face deformation measurements) are also known in speckle 
interferometry, BOS could also be named “white-light 
speckle density photography.” However, the name back-
ground-oriented schlieren technique is the most common 
Fig. 1  a Heat haze, mirage, 
fata morgana (B.C.). b Refrac-
tion imaging, shadowgraphy 
(since seventeenth century). c 
Toepler’s schlieren photogra-
phy (since nineteenth century). 
d Laser speckle photography 
(since twentieth century)
(b)(a)
(c) (d)
Fig. 2  Background-oriented schlieren technique (since twenty-first 
century)
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name, as “background oriented” describes the fact that 
the camera used for the recording focuses onto objects 
behind the flow under investigation. Additionally, the term 
schlieren, the old German word for local optical inhomo-
geneities in (mostly) transparent media, most intuitively 
tells a fluid experimentalist that the technique quantifies 
the first spatial derivative of density, integrated along the 
path of light. In this article, the term “background-oriented 
schlieren” is always completed by the words “method” or 
“technique” as the “schlieren” from their definition cannot 
be background oriented, but only the measurement tech-
nique for their visualization.
1.2  Early BOS publications
The first descriptions of the principle and application of 
the background-oriented schlieren method can be found 
in publications from 2000. The article from Dalziel et al. 
(2000) appeared in “Experiments in Fluids” in April and 
describes several schlieren or moiré techniques that the 
authors named “synthetic schlieren.” They had in common 
that parts of the traditional optical setups have been substi-
tuted by digital image analysis. Some of these techniques 
and especially the variant “dot tracking refractometry” basi-
cally equal BOS. The application described within this con-
text was the internal wave field in an oscillating cylinder. 
A second “Experiment in Fluids” article from Raffel et al. 
(2000a, b) appeared in May. It focused on the BOS prin-
ciple that utilizes a random dot pattern in the background 
and described its application to a rotor wake visualization 
of a helicopter in hovering flight. The patent application of 
Meier (2002) was published in June. It was submitted on 
the same day as the publication of Raffel et al. but one year 
after the manuscript of Dalziel et al. (2000). The applica-
tion illustrated in the patent application is the diamond-like 
pattern of a supersonic free jet, which had been recorded 
by H. Richard. It is also one of the applications described 
in a conference paper by Richard et al. (2000), which was 
presented in Lisbon in July 2000. Also described herein is 
the experimental and computational effort required for sub-
sequent quantitative determination of density. Raffel et al. 
(2000b) presented in the same year in August in Edinburgh 
and described applications of the conventional, reference-
free and natural background versions of BOS to a large 
utility helicopter in flight.
2  Setup of the BOS technique
2.1  BOS theory
The background-oriented schlieren technique is based on 
the relation between the refractive index of a fluid and 
its density, given by the Lorentz–Lorenz equation, which 
can be simplified to the Gladstone–Dale equation for gas-
eous media. The BOS technique can best be compared 
with laser speckle density photography as described by 
Debrus et al. (1972) and Köpf (1972) and the improved 
versions by Wernekinck and Merzkirch (1987) and Vik-
tin and Merzkirch (1998). Like most interferometric tech-
niques, laser speckle density photography preferably uti-
lizes an expanded parallel laser beam, which traverses a 
compressible flow field or (in more general terms) passes 
through an object of varying refractive index (i.e., a phase 
object). However, in contrast to other interferometry, laser 
speckle patterns are generated instead of interference 
fringes. Compared with the quantitative optical techniques 
mentioned above, the BOS method simplifies the record-
ing. The laser speckle pattern, usually generated by the 
expanded laser beam and a ground glass, is replaced by a 
(mostly painted or printed) random dot pattern on a sur-
face in the background of the test volume. This pattern 
preferably has to have the highest spatial frequency that 
can be imaged with sufficient contrast.
Usually, the recording is performed as follows: First, a 
reference image is generated by recording the background 
pattern observed through air at rest in advance of (or subse-
quent to) the experiment. In the second step, an additional 
exposure through the flow under investigation (i.e., during 
a wind tunnel run) leads to a locally displaced image of the 
background pattern. The resulting images of both expo-
sures can then be evaluated by image correlation methods. 
Existing evaluation algorithms, which have been developed 
and optimized, for example, for particle image velocime-
try (or other forms of speckle photography), can then be 
used to determine the displacement of patterns at multiple 
locations throughout the image. The deflection of a single 
beam contains information about the spatial gradient of the 
refractive index integrated along the line of sight (Fig. 3). 
Details on the theory of ray tracing through gradient-index 
media are found in Sharma et al. (1982) and Doric (1990).
Assuming paraxial recording and small deflection angles 
(ɛy ≈ tan ɛy), a formula for the image displacement Δy can 
be derived for the BOS technique (Raffel et al. 2007) 
with the magnification factor of the background, M = zi/ZB, 
the distance between the dot pattern and the density gradi-
ent, ZD, and the deflection angle
The image displacement can thus be rewritten as
(1)�y = ZDMεy,
(2)εy =
1
n0
∫
∂n
∂y
dz.
(3)�y = f
(
ZD
ZD + ZA − f
)
εy,
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with ZA being the distance from the lens to the object and 
the focal length of the lens, f. Since the imaging system 
should be focused onto the background for best contrast, 
we note:
Equation 3 shows that a large image displacement 
can be obtained for a large ZD and a small ZA. The maxi-
mum image displacement for increasing ZD approaches 
�y = f εy. On the other hand, certain constraints in the 
decrease in ZA have to be fulfilled in order to image the 
flow field with sufficient sharpness. The optical system has 
to be focused on the background in order to obtain maxi-
mum contrast at high spatial frequencies for later interroga-
tion, and Eq. 4 applies. At the same time, the sharp imaging 
of the density gradients would be best at Z ′i with
This focusing problem that is inherent with the BOS 
technique is depicted in Fig. 4. As a consequence of the 
fact that the system is usually focused on the background, 
the sharpness of the density gradient under investigation is 
(4)
1
f =
1
zi
+
1
ZB
.
(5)
1
f =
1
Z ′i
+
1
ZB
.
limited. By introducing the aperture diameter dA and the 
magnification of the density gradient imaging M ′ = Z ′i/zA, 
a formula for the geometric blur di (Fig. 4) of a point at ZA 
can be expressed as:
Additionally, the imaging of the small scales structures 
in the background is diffraction limited. The following 
formula holds for the diffraction limited minimum image 
diameter dd.
where λ is the wavelength of the light (~0.5 μm). The 
approximation given by (Eq. 8) can be used in order to 
compute the overall image blur dΣ for the two different 
sources and to simulate the effect of the underlying convo-
lution of the imaging artifacts:
The following problem arises when trying to optimize 
the sharpness of BOS recording by minimizing the overall 
image blur dΣ: Larger aperture diameters dA will decrease 
the diffraction limited minimum image diameter dd (Eq. 7), 
but increase the geometric blur di (Eq. 6). However, for 
most BOS setups, the latter effect is the stronger resulting 
in small aperture diameters typically being used for BOS 
recording. This increases the demand for intense back-
ground illumination, but also keeps other imaging prob-
lems like spherical and chromatic lens aberrations small. 
Since correlation techniques average over the interrogation 
window area, the overall image blur dΣ does not lead to a 
significant loss of information, as long as dΣ is consider-
ably smaller than the interrogation window size.
(6)di = dA
[
1 −
1
f M
′(ZA − f )
]
.
(7)dd = 2.44f /dA(M + 1),
(8)dΣ =
√
d2d + d2i .
Fig. 3  BOS imaging configura-
tion
Fig. 4  BOS focusing position and image blur
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2.2  BOS example in practice
The following section describes a typical BOS experiment. 
More complex experimental setups and evaluation methods 
can be found in the literature which is described in the later 
sections.
The opening angle of a BOS camera, determined by 
the focal length of the lens and the sensor format, is cho-
sen in a way that the object’s image covers the full image 
area. The background pattern is placed at a distance to the 
object, which is typically smaller than the distance between 
the object and the camera, but of the same order of mag-
nitude. The f number of the imaging lens (f/dA) is in the 
order of 11. The typical size of an individual background 
structure (e.g., a random dot) yields an image on the order 
of 3–5 pixels. Two- to three-pixel images are better, but can 
frequently not be reached, because of the diffraction lim-
ited imaging at small apertures and the small pixel pitch of 
today’s cameras. A recording of an undisturbed background 
(flow-off) and a disturbed background (flow-on) are loaded 
into the software used for the cross-correlation evaluation 
(e.g., by PIV software). The peak fitting routine should 
be adapted to this image size (e.g., 4 pixels). The 3-point 
peak fitting frequently used for PIV evaluation will yield 
more measurement noise, when BOS image structures are 
larger. Conventional cameras can be used as well as scien-
tific cameras, but image format should be uncompressed. 
Demo versions of suitable software packages can be down-
loaded from the internet (e.g., PivView and others). The 
BOS image displacements due to density gradients are usu-
ally smaller than that in PIV recordings. In spite of the fact 
that small image displacements (e.g., <0.5 px) can be deter-
mined with high accuracy, the small displacements lead to 
relative BOS measurement errors that are larger than usu-
ally obtained in PIV (e.g., BOS 2–3 % instead of PIV 1 %). 
Larger image displacements can be obtained for smaller 
fields of view. The subtraction of the mean displacement 
helps to see the flow patterns when vector plots are used 
for visualization. Figure 5 depicts an undisturbed back-
ground, recorded as reference (a), the same background 
behind a laser-induced plasma (b) and the resulting image 
displacements proportional to the density gradients along 
the line of sight (c). The displacements are represented as 
vectors (Fig. 5c). The underlying grayscale represents the 
radial displacement component at each location. Typical 
effects that might occur for such thermal applications are: 
the image blur due the strong density gradients, the reduced 
image contrast behind the ionization spark and the resulting 
data dropout in the center of the displacement field.
3  Accuracy of BOS
Much of the focus over the recent years has been on analyz-
ing and improving the accuracy of the method. The dynamic 
range of the technique for most of the applications is of the 
order of 50:1, and the measurement error has been found to 
be in the order of 2–3 % percent of the full scale (Elsinga 
et al. 2004; Hargather and Settles 2012; Vinnichenko et al. 
2012). Other authors (Popova (2004), Popova et al. 2008; 
Gojani and Obayashi 2012; Gojani et al. 2013; Yevtikhiyeva 
et al. 2009) investigated the influence of various parameters 
on the measurement sensitivity and resolution of BOS ana-
lytically and experimentally and presented several guiding 
formulae for setting up a BOS system. A large number of 
papers have been published on methods suitable for a gen-
eral improvement of accuracy and resolution of BOS. For 
example, Schröder et al. (2009) used a continuously varying 
random dot pattern, which was generated by a digital projec-
tor, and a long-distance microscope to measure the density 
fields in micro-nozzle plumes in vacuum. The variation in 
the pattern behind the steady flow allowed for a significant 
Fig. 5  Background pattern recording a before and b shortly after 
a density variation was brought into the flow by means of plasma 
ignition; c vector plot of the displacement correlation between both 
recordings; gray scales represent the radial component of the dis-
placement vectors (Raffel et al. 2011)
 Exp Fluids  (2015) 56:60 
1 3
60  Page 6 of 17
improvement of the spatial resolution and signal-to noise 
ratio by the application of the ensemble correlation technique. 
Atcheson et al. (2009) demonstrated the advantages of optical 
flow algorithms for BOS. Meier and Rösgen (2013) improved 
BOS imaging using laser speckle illumination. When more 
cameras are used, the alignment and optimization of the setup 
are more difficult. A calibration scheme for multi-camera 
tomographic setups that compensates the blurring effect and 
provides consistent results for 3D BOS has been reported 
by Le Sant et al. (2014). Various authors focused on special 
imaging configurations and special applications. Delmas et al. 
(2013) analysed infrared BOS recordings and Hargather and 
Settles (2011) and Prasanna and Venkateshan (2011) BOS for 
heating and cooling flow research. Van Hinsberg (2014), e.g., 
suggested a modification of the classical correction factor for 
BOS when applied in the near-field and demonstrated the 
advantage of this approach by the application to an underex-
panded supersonic free jet. Vasudeva et al. (2005) investigated 
a warm air jet in an industrial application. Bichal and Thurow 
(2010, 2014) used BOS for wavefront sensing. Jensen et al. 
(2005) performed BOS measurements in cryogenic gas cloud 
flows, and Clem et al. (2013) compared BOS data recorded 
from a variety of supersonic jets with corresponding far-field 
acoustic data.
4  BOS applications in complex facilities
One of the main advantages of the BOS technique—the 
reduced requirements for optical access—promoted its appli-
cation in rough industrial environments and complex experi-
mental facilities. Ramanah and Mee (2006) and Ramanah 
et al. (2007), for example, investigated scramjet flows in 
hypersonic impulse facility and compared the results with 
conventional schlieren images. Kirmse et al. (2011) per-
formed combined PIV and BOS measurements in a high-
enthalpy shock tunnel at Mach 8. Supersonic facilities such 
as shock tubes have also been used in order to visualize the 
shock-heated regions on a sharp cone at Mach 3.8 (Raghunath 
et al. 2004) and shock waves at Mach 4 (Mizukaki 2010). 
Transonic flows and the shock waves contained have been 
examined by Glazyrin et al. (2012) and Znamenskaya et al. 
(2012). Wake flows behind wind tunnel models have been 
investigated in case of thermal, centrifugal and compressible 
effects. Roosenboom and Schröder (2009, 2010) investigated 
a propeller slipstream wake geometry and Bencs et al. (2011) 
the wake of a heated cylinder. Reinholtz et al. (2010) investi-
gated jettison motor plumes from an Orion launch abort vehi-
cle model and Wolf et al. (2012) rocket model near-wakes. 
As optical flow diagnostics are frequently used for research 
on turbines for aero-engines and power generation, BOS is 
also useful in this field. Loose et al. (2000) and Alhaj and 
Seume (2010), for example, used a combined PIV and BOS 
investigation for the investigation of wake flows in linear tur-
bine cascade facilities. Challenging wind tunnel applications 
under cryogenic conditions have been reported by Germain 
and Quest (2005), Loose et al. (2006), and Fey et al. (2010). 
Combustion research can take advantage of the ability of 
BOS to visualize and measure heat plumes and flames (Iffa 
et al. 2011), but also to determine concentration levels of dif-
ferent fuel sprays (Bang and Lee 2013; Lee et al. 2011, 2013; 
Tillmann et al. 2014) or gas jets as performed by Iffa et al. 
(2010), Ducasse et al. (2010) and Veser et al. (2011).
Other publications mainly focused on the development 
of tomographic evaluation methods from multi-camera 
recordings. It appears that the ideal recording and evalua-
tion methods for the quantitative determination of density 
and density gradient fields have not yet been found. Cur-
rently, the white-light background illumination, grayscale 
recording, cross-correlation evaluation and tomographic 
analysis are the most common techniques for recording and 
evaluation in quantitative measurements.
5  Stereo- and multi-camera recording for flow 
structure localization
For quasi two-dimensional flows, a single camera perspec-
tive is sufficient to identify the positions of the structures in 
the flow. However, the accuracy of those BOS applications 
will not be as good as similar results from conventional 
schlieren photography or shadowgraphy. This is due to the 
reduced resolution of the displacement analysis and the fact 
that BOS uses divergent viewing instead of parallel beams. 
The BOS method can, however, easily be applied to three-
dimensional flow fields, due to the reduced complexity of 
its recording. For many applications, a two-camera setup is 
sufficient to allow for the measurement of the position of 
flow structures in three-dimensional space.
This approach was applied by Klinge et al. (2003) who 
utilized a stereoscopic BOS system for the localization of 
a wing-tip vortex in a transonic wind tunnel. Schairer et al. 
(2013) conducted stereoscopic BOS measurements for the 
tip vortex localization on a full-scale helicopter model in a 
large wind tunnel facility using epipolar geometric analysis. 
Bauknecht et al. (2015) used the same method also in combi-
nation with photogrammetry for the three-dimensional recon-
struction of a large part of the blade tip vortices of a flying 
helicopter from multi-camera BOS images. The procedure 
for density gradient localization consists of at least two steps:
5.1  Two-dimensional structure identification
In preparation for a 3D localization, the positions of the 
flow structures under investigation have to be determined 
from the evaluated displacement images to get their 2D 
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positions in each camera plane. Bauknecht et al. (2015), for 
example, describe a semiautomatic detection algorithm for 
finding discrete points on vortex lines. Starting from manu-
ally selected points close to the vortex filaments, a stepwise 
cross-correlation between cuts orthogonal to the main vor-
tex axis in combination with a polynomial-based predic-
tor is applied. A spline curve is then fitted to the discrete 
points on each vortex filament by means of a least squares 
procedure.
5.2  3D vortex locations determination by epipolar analysis 
and photogrammetry
For the 3D reconstruction of the geometry of a solid object 
with photogrammetry, discrete markers or prominent points 
on its surface are usually imaged and identified in multiple 
measurement images of a multi-camera system. In order to 
apply the same reconstruction algorithms to invisible and 
continuous objects such as vortices, corresponding points 
on the vortex lines have to be identified in the images of all 
cameras (see “correspondence problem” in Meyn and Ben-
nett 1993).
One possible solution for this is the application of the 
epipolar geometry method (Hartley and Zisserman 2003), 
which imposes geometric constraints on pairs of cam-
era images, as shown in Fig. 6. Epipolar geometry uses the 
pinhole camera model and is based on the idea that a plane 
defined by an object space point P (e.g., a point on a 3D vor-
tex segment) and its projections PA and PB onto the image 
planes of two cameras (A, B) can be used to establish geo-
metric dependence between PA and PB. If only PA and the 
corresponding optical center OA are known, the line through 
these two points can be projected as an epipolar line in the 
image plane of camera B (red line in Fig. 6). The projected 
point PB corresponding to PA must be located on this epipolar 
line. If the vortex on which P is located on can be identified 
in both projections, as shown in Fig. 6, the point PB can be 
found by intersecting the epipolar line with the corresponding 
projected vortex in the image plane of camera B. The con-
straint imposed by epipolar geometry can be written as
with the coordinates of the corresponding points in the 
images A and B and the 3 × 3 fundamental matrix F. This 
fundamental matrix can be estimated given at least seven 
corresponding point pairs in the two images. In the study 
described by Bauknecht et al. (2015), the fundamental 
matrices were estimated for all possible camera combina-
tions in the multi-camera setup.
The intersection points of the epipolar lines with the cor-
responding 2D vortex projections were computed and used 
in the reconstruction process. The 3D reconstruction of the 
vortex positions was carried out using pairs of cameras and 
the stereo-photogrammetry technique. A result is shown in 
Fig. 7, depicting a large part of the vortex system of a full-
scale BO 105 helicopter in hovering flight.
6  Tomographic BOS analysis
The idea of an expansion of the BOS technique for the 
determination of three-dimensional density fields by multi-
camera recording and tomographic evaluation was pre-
sented in early publications (e.g., Raffel et al. 2000a, b; 
Meier 2002). However, as BOS techniques were initially 
slow in attracting experimentalists, it took some years 
before the theory and application of tomographic evalua-
tion were presented.
6.1  Density determination of 2D flows
It is generally possible to use a finite difference approxi-
mation or a Poisson solver to integrate the density gradient 
(9)[xAyA1] × F ×

 xByB
1

 = 0
Fig. 6  Principle of the epipolar geometry (after Schairer et al. 2013), 
showing the projected camera plane points PA and PB of the 3D point 
P and the corresponding red epipolar line
Fig. 7  Reconstructed vortices from a BO 105 in ascending hovering 
flight. Measured vortex center lines color-coded (Bauknecht et al. 
2015)
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field to determine the relative density field in the flow. If 
the absolute density is known at one point in the observa-
tion area, this can be used to determine the density at all 
points in the flow quantitatively. However, any non-two-
dimensionality in the flow field will distort the results, since 
the BOS method is a line-of-sight integrating technique. A 
first step toward the determination of the density distribu-
tion by computation of the Poisson equation for BOS data 
of two-dimensional transonic flows has been presented by 
Richard et al. (2000) and Richard and Raffel (2001). How-
ever, a more complete analysis by tomographic algorithms 
is required in order to deal with three-dimensional density 
fields.
6.2  Density determination of axisymmetric flows
van Hinsberg and Rösgen (2014) and Van Hinsberg (2014) 
used the principle of ray tracing and the ring discretization 
method to obtain the theoretical deflections and apparent 
shifts of an axisymmetric supersonic underexpanded free 
jet. They also described a modification of the classical cor-
rection factor for BOS applications in the near-field. The 
density field of axisymmetric flows can also be computed 
from the schlieren data after applying an Abel or Fourier 
transform inversion algorithm. In this case, the transform 
algorithm rebuilds the density field from ray deflections. 
This has been shown, for example, by Venkatakrishnan 
(2005), Venkatakrishnan and Suriyanarayanan (2009) and 
Sourgen et al. (2004, 2012). Kindler et al. 2007 applied the 
tomographic reference-free BOS method for the study of 
rotor blade tip vortices. Ota et al. (2011) demonstrated that 
the Algebraic Reconstruction Technique (ART) can also be 
used in order to derive density distributions. According to 
them, the ART method is favorable for applications where a 
wind tunnel model is in the line of sight.
6.3  Density determination for complex flows
Some of the publications on the density determination for 
complex flows deal with investigations of an asymmetric 
mixture of jets (Venkatakrishnan et al. (2011) or an asym-
metric cold streak in a turbine engine’s exhaust jet (Adam-
czuk et al. 2013; Hartmann et al. 2015). If single jets were 
investigated by tomographically evaluated BOS record-
ings, the authors aimed for the description of the unsteady 
effects. Todoroff et al. (2014) reconstructed instantaneous 
3D flow density fields of an unsteady air jet by a new direct 
regularized 3D BOS method. Atcheson et al. (2008) and 
Berger et al. (2009) applied tomographic BOS to unsteady 
gas flows.
Goldhahn and Seume (2007) and Goldhahn et al. 
(2009) described the tomographic reconstruction by a fil-
tered back-projection algorithm and applied the method to 
determine the density distribution of asymmetric underex-
panded free air jets out of a double-hole orifice. The 3D 
density field was reconstructed in planes perpendicular to 
the jets axis. They justified the assumption of parallel pro-
jection in the case of small opening angles of the camera 
lens used. The principle of the reconstruction process can 
be described as follows:
The refractive index is related to the density by the 
Gladstone–Dale equation:
where n is the refractive index and G is the Gladstone–Dale 
constant. A relation between the angle of deflection and the 
first derivative of the refractive index was derived by Fomin 
(1998). By applying Eq. (2), this expression can be modi-
fied as:
In order to apply computerized tomography, secondary 
radial axes s and t were established on the plane YZ. Fig-
ure 8 shows these secondary radial axes. Different record-
ing projections can be obtained by rotating the axis s by 
an angle θ for a range of 180°. By taking enough projec-
tions through the object, the Fourier plane is successively 
filled with values that describe the object. A single light ray 
in a line s = const, with s = z cosΘ + y sinΘ, will be 
deflected by an angle ε(s,Θ) (see Liu et al. (1989) for a 
detailed description):
where the integral is calculated along a line s = const. 
Equation 12 basically represents Eq. 11 adapted to the 
radial axes. In order to compute the density reconstruction, 
the convolution back-projection method can be applied 
(Goldhahn and Seume 2007).
(10)n = Gρ + 1,
(11)εy =
G
n0
∫
∂ρ
∂y
dz.
(12)ε(s,Θ) = G
∫
∂ρ
∂s
dt,
Fig. 8  Secondary radial axes s–t (Liu et al. 1989)
Exp Fluids  (2015) 56:60  
1 3
Page 9 of 17  60 
Hence, by using Fourier transforms, the density distribu-
tion can be obtained,
where the density reconstruction is a convolution of the 
projections under ɛ(s, θ) with a filter function q(s).
7  Pulsed illumination BOS
Pulsed illumination has also been used frequently in order 
to capture unsteady features of the flow under investiga-
tion. Kumar et al. (2011) used a pulsed white-light source 
using a Xenon flash lamp with a maximum repetition rate 
of 1000 Hz and pulse duration of 5–10 μs for the visuali-
zation of micro-jets. In some cases, a Xenon stroboscope 
was placed behind a semitransparent background pattern 
for increased efficiency of the illumination (e.g., Augenstein 
et al. 2001; Rouser et al. 2011; Ramanah et al. 2007). The 
latter used a Movistrob 400 (Bamberg and Bormann Elec-
tronic Gmbh) with a maximum light intensity of 550 lux 
and a pulse width of about 8 µs. Kirmse et al. (2011) used 
an Nd:YAG laser generating pulses of 25 ns in combination 
with optical band path filters in front of the camera in order 
to minimize the influence of the self-luminosity of the high-
enthalpy flow under investigation. Yamamoto et al. (2014) 
utilized a laser stroboscope with a pulse width of 20 ns as an 
illumination source (CAVITAR, Finland). Jin et al. (2011) 
also used an Nd:YAG laser. Experimental efforts were 
required in order to avoid laser speckles to interfere with the 
evaluation of the background image displacement analysis.
An increasingly large number of researchers use high 
intensity LEDs. Electronic drivers push the amperage to 
multiple times the level of continuous operation. As a con-
sequence, exposure times were defined by the duration of 
the light pulse, not by the shutter of the cameras. A highly 
over-driven pulsed LED was used by Bencs et al. (2011) 
and Raffel et al. (2012) (HardSoft) and customized LED 
collimated arrays, for example, by Hernandez et al. (2013).
8  Retroreflective BOS
When it comes to large-scale and short-exposure BOS appli-
cations, even in favorable laboratory conditions, illumination 
becomes one of the limiting factors. The use of retroreflec-
tive materials for BOS backgrounds greatly enhances the 
efficiency of short duration pulsed light sources of limited 
pulse energy. Highly efficient illumination is important in 
two ways: First, the smaller the lens aperture, the more the 
intensity of light required. As mentioned earlier, a small 
(13)ρ(z, y) =
π∫
0
ε(s,Θ)× q(s)dΘ ,
aperture will reduce image blur and therefore yield greater 
sensitivity in detecting smaller phase objects yielding higher 
spatial resolution. Second, motion blur should be minimized 
by reduced exposure times. Retroreflective materials provide 
the most efficient return of light from speckled backgrounds, 
when on-axis lighting is used, because retroreflection does 
not follow the inverse-square law of lighting suffered by dif-
fuse background. Heineck et al. (2010, 2012) describe sev-
eral installations of retroreflective BOS (RBOS) systems to 
visualize shock waves, the vortices from a full-scale helicop-
ter rotor and a jet in cross-flow in facilities and location never 
accessed prior to this development. The RBOS technique has 
been applied by Schröder et al. (2014) for the measurement 
of the jet of an Airbus A320 with four instantaneously oper-
ated high resolution high-framing-rate cameras.
9  High-framing-rate BOS
A recent technical improvement for BOS applications is 
the increasing availability of CMOS sensors with the active 
pixel sensor (APS) technology in which, in addition to the 
photodiode, a readout amplifier is incorporated into each 
pixel. This, together with highly parallel readout electron-
ics storage devices, allows for the recording and handling 
of up to a few thousand frames per second at acceptable 
noise levels. Several of the BOS experiments presented in 
the literature describe the use of these cameras. In many 
cases, they allowed for good temporal resolution of the 
flow phenomena under investigation.
Rouser et al. (2011), for example, determined the time-
accurate flow field of a pulsed detonation driven turbine. 
Kessler et al. (2005) used BOS for hydrogen detection and 
the observation of a hydrogen explosion at a 1 kHz frame 
rate. Kushner et al. (2015) used a high-speed PIV laser to 
obtain 20-kHz laser speckle RBOS movies of a sweeping 
jet actuator.
Mizukaki (2010) investigated transonic vortex rings dis-
charged from the open end of a shock tube at 10 kHz frame 
rate and , together with co-workers, the wave propagation 
of an explosion at 100 kHz (Mizukaki et al. 2015). The 
very high framing-rate capability of the BOS technique was 
demonstrated in 2014 when Yamamoto et al. (2014) inves-
tigated the evolution of a shock wave pressure induced by 
a laser pulse in a liquid-filled thin tube using an ultra-high-
speed video camera with 5 MHz frame rate. The pressure 
field was obtained by solving the Poisson equation.
10  BOS velocimetry
During the past decades, several velocimetry techniques 
have been proposed which do not require tracer particles 
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to be added to the flow. One of them utilizes BOS. The 
“PIV analysis” of BOS displacement fields can be per-
formed and provides a spatially resolved estimate of local 
convection velocities. Jonassen et al. (2006), for example, 
used the prevalent eddies in a turbulent flow as Lagrangian 
flow tracers. Convection velocities have also been deter-
mined by Settles (2010) who applied BOS and other opti-
cal density gradient methods for the visualization of ther-
mal plumes and used the method for “seedless PIV” (BOS 
velocimetry).
Bühlmann et al. (2014) used a “PIV analysis” of the 
measured BOS displacement field itself to perform a 
spatially resolved estimate of the local advection veloci-
ties. Due to the need for naturally occurring density 
gradients, the applicability of their method is limited to 
turbulent compressible or thermal flows. Other authors 
used their BOS time-series data similarly to measure 
velocities of the density gradient generated by vortices, 
concentration or temperature gradients or shock waves 
(e.g., Jin et al. 2011). However, the velocities measured 
represent the velocities of the structures, for example the 
vortex convection speed or the speed of the compres-
sion shock, but not necessarily the local fluid velocity. 
Density tagging velocimetry (DTV) has been proposed 
to overcome this problem (Raffel et al. 2011). The DTV 
method is an optical technique for pointwise veloc-
ity measurements based on the detection and tracking 
of a local refractive index or density variation which is 
intentionally induced in the flow by two subsequently 
recorded BOS images. The local density variation, “den-
sity tag,” acts as a tracer particle that is transported by 
the fluid flow. The density tagging method used was 
based on pulsed laser-induced ionization. The same tag-
ging method can also be used in order to determine the 
speed of the resulting shock wave. Assuming that the 
laser pulse is strong enough to ionize the fluid, but weak 
enough to create only a weak shock wave, the changes in 
pressure and density can be assumed to occur isentropi-
cally. The shock wave’s propagation speed can then be 
approximated by the speed of sound which, for an ideal 
gas, is given by:
This relation between temperature and speed of sound 
can be used to estimate the temperature around the point 
of plasma ignition, neglecting heat transfer and disruptive 
effects of the shock wave to the flow field, such as non-
local density or pressure changes (Kähler and Scholz 2003; 
Raffel et al. 2012). However, it has also been found that the 
method allows for a limited accuracy as the ignition itself 
is intrusive and the structure’s expansion is not necessarily 
symmetric.
(12)Cs =
√
γRT ≈ 20.06 m/s
√
T [K].
11  Color BOS
The increasing availability and resolution of color cam-
eras lead to the development of color BOS (CBOS) that 
has recently been used for a number of BOS applications. 
In order to get an improved analysis of color images, the 
CBOS processing takes the fact into account that digital 
cameras have sensors for the colors red, green and blue. 
According to Leopold (2007) and Leopold et al. (2010), 
data from the sensors should directly be stored without any 
treatment or compression in a file with a special raw for-
mat. Due to the decomposition into the three colors, eight 
elementary dot patterns can be extracted from the image 
(Fig. 9):
•	 three patterns based on the unfiltered red, green and 
blue color channels of the camera,
•	 three patterns based on dots which contain mainly one 
base color (pure red, green or blue dots),
•	 one pattern based on dots with a significant amount of at 
least two colors (secondary colors), and
•	 one pattern for the uncolored areas, the so-called black 
dots.
The assessment of the image distortion can be achieved 
by treating each of the eight elementary patterns sepa-
rately. An average intensity value for each location is deter-
mined by the value obtained at the location itself and by 
the results from interpolations between the opposite neigh-
boring values. A standard deviation criterion, which the 
intensities used for the averaging must satisfy, can be used 
in order to increase the accuracy of the procedure. Vari-
ous publications report the advantages of the method and 
the determination of density distributions of axisymmetric 
flows (Leopold et al. 2010; Ota et al. 2012, 2015; Sourgen 
et al. 2012). One of the advantages of the CBOS technique 
is its ability to treat regions of high refractive index gradi-
ents with the associated blurring of the background pattern 
(see, e.g., Fig. 5) by a shift of one of the base color pat-
terns. Details of this procedure are described by Leopold 
et al. (2014).
12  Natural background BOS
The use of natural formation backgrounds for detecting 
refractive index gradients is intuitive since many effects, 
such as heat haze or mirage, can be seen in nature even 
without any instrumentation. The first question that needs 
to be answered while planning to visualize those effects 
with electronic equipment for measurements is the selec-
tion of the best-suited background.
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Different quality indicators were introduced by Kin-
dler et al. (2007), Hargather and Settles (2010a, b) and 
Bauknecht et al. (2014) to assess the suitability of differ-
ent background images for BOS measurements. The ear-
lier indicators are based on the signal-to-noise ratio of 
the autocorrelation of a background image. Plotted versus 
interrogation window size, it allows identifying suitable 
backgrounds and gives an indication of the obtainable spa-
tial resolution. The second method introduced by Baukne-
cht et al. is based on the cross-correlation of two images 
of the same background, which have been recorded by 
different cameras. Based on the displacement field of the 
two images, the inverse of the variance of the rotation ωz is 
calculated. This quality indicator is independent of residual 
misalignments of the two images, is not negatively affected 
by the autocorrelation of image noise and allows for a more 
direct evaluation of the backgrounds in a realistic BOS 
setup than the previously suggested methods. An analysis 
of natural backgrounds (Fig. 10) based on the cross-corre-
lation of image pairs is taken from Bauknecht et al. (2014). 
Figure 11 contains plots of the quality indicator over inter-
rogation window size for the corresponding background 
patterns in Fig. 10. The graph indicates that larger interro-
gation window sizes decrease the correlation noise, at the 
cost of measurement resolution and accuracy.
Despite this, obvious trend images have to be evaluated 
at small interrogation window sizes (e.g., 8–16 px) in order 
to resolve the small scales. For these backgrounds and mag-
nifications, small-scale scree (Fig. 10b) was best suited as a 
natural background. Smaller structures like grass (Fig. 10a) 
and larger structures as shown in (Fig. 9c–e) show higher 
variances in the rotation of the displacement field.
This quality indicator is especially suited for the back-
ground selection for large-scale tests outside the labora-
tory. In addition to the flight tests described by Bauknecht 
et al. (2015), other examples for this sort of measurements 
include explosions of gas (Sommersel et al. 2008) and 
C4 (Mizukaki et al. 2012). The image subtraction method 
and the (conventional) BOS correlation method have been 
found to be suited for this task (Hargather 2013).
13  Reference-free BOS
The reference-free BOS method (Raffel et al. 2000b, 2014; 
Bauknecht et al. 2014) can be used if the density variation 
under observation does not cover the whole field of view, 
leaving some parts of the image almost free of distortions. 
These parts can serve as a reference for a second measure-
ment image, in which the density structures are located in 
Fig. 9  Extraction of the eight 
elementary dot patterns from 
the colored background image 
(Leopold 2007)
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front of another part of the background, rather than requiring 
an image without a phase object as a reference.
This is useful for experiments where camera and back-
ground move with respect to each other, for example, for 
cameras that are airborne and/or track a rapidly moving 
object.
There are two basic principles on how to achieve the 
necessary shift of the density structures between the two 
images and hence how to realize a reference-free setup: 
the stereoscopic configuration and the monoscopic/par-
axial configuration. In the stereoscopic configuration, two 
cameras record images at the same time but from different 
angles (see Fig. 12). If properly set up, the density variation 
is in front of different parts of the common background. 
Correlating the two images, the density variation appears 
twice in the resulting displacement field, but in different 
positions and with a different sign. As the background is 
viewed from different angles, it must be reasonably planar. 
Because of the simultaneous acquisition of both images, 
the background may change over time without influenc-
ing the measurement. If the density gradient under con-
sideration moves relative to the background, as is the case 
for the blade tip vortices of a helicopter, the monoscopic/
paraxial configuration can be realized. In principle, two 
images of the same background are recorded at consecutive 
points in time from one location. The evaluated displace-
ment field of these two pictures features the density varia-
tion at both points in time, but with a different sign. For this 
setup, either a single camera with a short interframing time 
(monoscopic configuration) or two paraxially mounted 
cameras triggered with a short time delay (paraxial con-
figuration) are required. In the paraxial setup, the cameras 
have to be mounted very close together and the distance to 
the background has to be large enough for the alignment 
error to be negligible.
A drawback of this method is that the integration of the 
density field from the displacements is not or not easily 
possible, as the reference pictures are not entirely free of 
density variations. The major advantage over the stereo-
scopic setup, however, is the straightforward implementa-
tion for out-of-the-laboratory experiments. Because both 
cameras must be close to each other, they can be mounted 
on the same tripod or can easily be operated airborne (Kin-
dler et al. 2007; Bauknecht et al. 2014). It is then possible 
to move both cameras simultaneously while keeping the 
object of interest within the field of view.
14  Free surface BOS
Another alternative application of BOS is the observation 
of free surface flows. Moisy et al. (2009), for example, 
recorded a background pattern through a liquid. The liquid 
was contained in a tank with a transparent bottom allowing 
for an optimization of the background pattern distance ZD. 
Fig. 10  Example cutouts of the natural backgrounds used for the current study with increasing structure sizes from left to right. Contrast 
enhanced for clarity (Bauknecht et al. 2014)
Fig. 11  Quality indicator defined by Bauknecht et al. (2014) plotted 
for the five different natural backgrounds of Fig. 10 as a function of 
the interrogation window size
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With this approach, the topography of the liquid’s interface 
could be determined by a numerical integration of the dis-
placement field. The main limitation of the method, namely 
the ray crossing (caustics) due to strong curvature and/or 
large surface pattern distance, was presented additionally. 
Jin et al. (2010) and Plaksina et al. (2012) presented an 
experimental investigation of near-surface small-scale 
structures at water–air interface and found that the temper-
ature measurement sensitivity is generally better than 0.1 K 
for such an application by comparing the result with infra-
red measurements. Tokgoz et al. (2012) conducted tem-
perature and velocity measurements inside a thin fluid layer 
using background-oriented schlieren and PIV methods by 
placing a reflective surface to one side of the test section.
15  Conclusions
Presently, BOS is frequently used as an “easy-to-use” visu-
alization of flows having density gradients due to varying 
temperature or pressure. Its strength lies in the simplic-
ity of a basic setup, and this allows for its application in 
Fig. 12  Reference-free BOS 
setup (Raffel et al. 2000b)
Fig. 13  Number of BOS 
publications per year 
(14 = 2014 + January 2015)
Table 1  Number of listed publications on combined optical measure-
ments
Additional measurement technique Number of listed publications
Conventional schlieren or shadowgra-
phy
5
Advanced schlieren or holography 6
BOS velocimetry 6
PIV 7
Others, e.g., LIF 9
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experimental environments which are unsuited for other 
measurement techniques. This advantage has further been 
developed to a state where BOS can be used for a large 
number of investigations in various fields. Due to new cam-
era designs and the rapid development in the area of digital 
imaging and image processing, higher signal-to-noise ratios 
and increased resolution counteract the main disadvantage 
of the BOS, which is the limited resolution inherent with 
the statistical displacement computation. It can be seen in 
Fig. 13 that the number of publications is still growing. 
More and more frequently the pure qualitative flow visu-
alization is replaced by a more sophisticated analysis of the 
images allowing for three-dimensional density determina-
tion. A clear recent trend for laboratory investigations is the 
recording with high-framing-rate cameras frequently used 
together with LED illumination and retroreflective material.
Coupling BOS with other optical flow techniques such 
as PIV, LIF and thermography has also enjoyed success 
and serves fluid mechanical research and development of 
machinery. Table 1 depicts the number of BOS applications 
that have been performed together with another optical 
flow metrology.
Within the past 15 years, the background-oriented 
schlieren techniques have developed from a robust and sim-
ple flow visualization to an increasingly accurate method 
for the measurement of complete density fields at very 
high framing rates. The combination of its application with 
other sophisticated flow metrologies further increases the 
completeness of the information obtained from fluid flow 
experiments. The ongoing improvement of the technique is 
driven by the continuing demand for high-quality experi-
mental data for CFD validation and improvement of physi-
cal models of complex flows and the rapid development 
of illumination, image recording and image processing 
techniques.
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